INTRODUCTION 33
Temperature governs rates of the chemical interactions that underlie life, growth, and 34 reproduction, shaping biological processes from the level of the enzyme to the ecosystem [1] . One area 35 of biology where temperature has demonstrated effects is on species interactions such as parasitism, 36
where temperature can have profound effects on infection outcomes and transmission [2, 3] . High host 37 body temperatures have been shown to reduce infection intensity and infection-related mortality in 38 both plants and animals [4] [5] [6] , and metabolic and behavioral fevers are common responses to infection 39 in vertebrates and insects [4, 7, 8] . 40 Another factor that can influence infection outcome is the host-associated microbiota. The 41 microbiota of the skin and gut constitute barriers to infection that can physically and chemically 42
interfere with pathogen invasion, as well as modify host immune responses [9] . Because microbial taxa 43 can differ widely in their optimal growth temperatures, alterations in temperature can affect the relative 44 competitive abilities of co-occurring species [10] . These differential responses of interacting species to 45 temperature, referred to variously as "asymmetries" or "mismatches" between the two species' thermal 46 performance curves [11, 12] , can affect inhibitory interactions between symbionts and parasites [13] . 47 This could have important consequences for the temperature dependence of infection. However, few 48 studies have considered the effects of elevated temperature on symbiotic microbiota [14, 15] , and the 49 consequences of elevated temperature for gut parasite-symbiont competition remain unexplored. 50 Social bees present an ideal system in which to study effects of temperature on competition 51 between symbionts and parasites. Both honey bees and bumble bees can be infected by a variety of 52 parasites and pathogens, transmission of which is facilitated by the high density of hosts in colonies [16] . 53
However, honey bees and especially bumble bees are facultative endotherms that possess a remarkable 54 ability to regulate their temperatures at the level of the individual bee and colony at over 30 °C above 55 ambient temperature [17, 18] . This thermoregulatory capacity allows bumble bees to maintain the 56 temperatures necessary for flight and brood development during times of year when other insects are 57 inactive [19] . The elevated temperatures of bees facilitate not only foraging and colony development, 58 but also defense against infection. In honey bees, high temperatures decreased infection with 59
Ascosphaera apis [20] , Deformed Wing Virus [21] , Varroa mites [22] , Nosema apis, and N. ceranae [23] . 60
In addition to their own parasite resistance mechanisms (including thermoregulation), honey 61 and bumble bees have a well-characterized microbiota with demonstrated benefits against infection in 62 larvae and adults [24] . The core gut microbiota consists of five main clades that are found in corbiculate 63
("pollen-basket") bees throughout the world [25] . The bumble bee microbiota is dominated by just 64 three of these five core taxa-Snodgrassella, Gilliamella, and Lactobacillus Firmicutes-5 ("Firm-5")-65 which together often account for over 80% of the total gut microbiota of worker bumble bees [26-28]. 66
Bacteria isolated from the bumble bee gut had direct inhibitory activity against several bee pathogens 67
[29], and microbiota rich in Gilliamella and Lactobacillus Firm-5 have been negatively correlated with 68 trypanosomatid infection in bumble bees [26, 28, 30] . 69
All of the core bumble bee gut symbionts have optimal growth temperatures at 35-37 °C 70 [31, 32] . In contrast, widespread trypanosomatid and microsporidian gut parasites (Crithidia, Lotmaria, 71
and Nosema spp.), were described as having optimal temperatures of 25-27 °C [33-35] . This difference 72 in observed in vitro growth temperatures suggests the hypothesis that temperatures above the 73 parasites' thermal optima will favor core symbionts over gut pathogens, due to increased asymmetry in 74 symbiont versus pathogen growth rates at these temperatures. However, no study has empirically 75 quantified differences in the thermal performance curves (i.e., relationship between temperature and 76 growth rate) for symbionts versus parasites, or the temperature dependence of symbiont-mediated parasite inhibition, both of which are likely to shape the effects of temperature on infection in bumble 78
bees. 79
We used the Crithidia bombi / Lactobacillus bombicola system to examine temperature 80 dependence of bee symbiont-parasite interactions in vitro. Crithidia bombi is an intestinal 81 trypanosomatid that is both widespread and abundant in bumble bees [36, 37] . This parasite reduces 82 foraging efficiency and starvation tolerance in worker bees [38, 39] , growth rates and reproductive 83 output of colonies [40] , and post-hibernation survival and hive-founding in queens [38] . Its introduction 84 has been correlated with decline of native bumble bees in South America [41] , and its relative Lotmaria 85 passim (formerly reported as C. mellificae) has been correlated with colony collapse in honey bees 86 [42, 43] . Crithidia bombi has been cultured at 27 °C [33], and L. passim at 25 °C [34] . Lactobacillus 87 bombicola, the most widely distributed species found in a cross-species survey of bumble bees [29] , is a 88 member of the Lactobacillus Firm-5 clade. This clade is found in honey, bumble, and other corbiculate 89 bees worldwide [25] . In honey bees, Firm-5 was the clade with the strongest effect on gut metabolomics 90 [44] . The abundance of Firm-5 bacteria has been negatively correlated with the infection success of C. 91 bombi [26, 28] . Lactobacillus bombicola has been reported to grow at 28-37 °C [45] . Together, these 92 observations suggest that L. bombicola is an important gut symbiont that could inhibit C. bombi growth 93 in a temperature-dependent manner. 94
We measured in vitro growth of C. bombi and L. bombicola grown alone, together, and 95 sequentially across a range of incubation temperatures. We tested whether: 96
(1) Crithidia bombi and L. bombicola growth rates have differential responses to temperature, 97 using metabolic-theory derived models to describe their thermal performance curves, 98
(2) Competitive effects of L. bombicola on C. bombi increase with temperature and decrease the 99 temperature of peak parasite growth, as predicted based on asymmetries in symbiont versus parasite 100 thermal performance curves, and 101
(3) Temperature-dependent chemical alterations to the growth environment made by L. 102
bombicola are sufficient to explain temperature-dependent parasite inhibition. 103
104

MATERIALS AND METHODS
105
Overview of experiments 106 Three series of experiments were conducted to determine the temperature dependence of 107 interactions between C. bombi and L. bombicola. To estimate Thermal Performance Curves, we 108 measured each species' growth rate across a range of incubation temperatures. To assess temperature 109 dependence of direct competition, we cocultured L. bombicola with C. bombi at three incubation 110 temperatures ("Coculture Experiment"). To assess whether a chemical mechanism could explain the 111 temperature-dependent inhibition of parasites in coculture, we compared the effects of L. bombicola 112 spent medium from different temperatures on C. bombi growth ("Spent Medium Experiment"). 113
Each experiment used 6 incubators. Thus, for six-temperature experiments used to generate 114 thermal performance curves, we had one incubator-level replicate for each repetition of the 115 experiment. For three-temperature experiments (Coculture and Spent Medium), we had two replicates 116 per repetition. We chose to use the incubator (rather than the sample) as the unit of replication. This 117 accounts for the scale at which the temperature treatment was imposed and avoids pseudoreplication 118 within incubators [3, 46] . To increase the number of true replicates of the temperature treatments, we conducted multiple temporal repetitions (blocks) of each experiment, with each incubator assigned to a 120 different temperature treatment during each repetition. 121 culture medium at an initial OD of 0.005 (~800 cells µL -1 ). OD measurements were taken at 24 h intervals 139 through 120 h of incubation [48] . Lactobacillus bombicola, which grew poorly in 96-well plates, was 140 grown in 2 mL screw-cap tubes. Cells were added at an initial OD of 0.020 and measured after 3, 4, 5, 6, 141 and 24 h incubation. The entire experiment was repeated 5 (C. bombi) or 6 (L. bombicola) times, with incubator temperatures switched between each repetition. Net OD was calculated by subtracting the 143 OD of cell-free medium from the corresponding temperature and time point; this controlled for any 144 changes in OD that occurred independent of cell growth. 145
Cell Cultures
We used metabolic theory equations to model the relationship between temperature and 146 growth rate. Growth rates were calculated by fitting a model-free spline [49] to the curve of log-147 transformed OD (ln(ODt/ODt0)) with respect to time [50]. A separate spline was fit to each replicate 148 combination of incubator, strain, and incubation temperature to estimate the maximum specific growth 149 rate. 150
Thermal performance curves were modeled for each species and strain using the log-151
transformed Sharpe-Schoolfield equation [51,52], with temperature as the predictor variable and 152 ln(maximum specific growth rate) as the response variable (Equation 1). 153
In Equation 1, "rate" is the maximum specific growth rate; lnc is the natural log of the growth 155 rate at an arbitrary calibration temperature; E is the activation energy, which corresponds to the slope 156 of the thermal performance curve below the temperature of peak growth; Tc is the calibration 157 temperature; k is Boltzmann's constant; T is the incubation temperature; Eh is the high-temperature 158 deactivation energy, which corresponds to the rate at which growth decreases at supraoptimal 159 temperatures; and Th is the supraoptimal temperature at which growth rate is reduced by 50% relative 160 to peak growth rate. Co-culture Experiment
172
To assess temperature dependence of direct competition, we cocultured L. bombicola with C. 173 bombi strain VT1 at three incubation temperatures (27, 32, and 37 °C). These temperatures were chosen 174 for two reasons, one statistical and one physiological. Statistically, these temperatures correspond to 175 the regions of maximal asymmetry in the two species' thermal performance curves. "Asymmetry" 176 means that the two species have differently or oppositely sloped performance curves across this 177 temperature range [12] . Coculture experiments were conducted in 2 mL tubes in a mixed medium of 50% Crithidia-183 specific FPFB and 50% Lactobacillus-specific MRSC. The mixed medium supported growth of both 184 species, whereas neither 100% FPFB (no L. bombicola growth) nor 100% MRSC (no C. bombi growth) was suitable for coculture. Cells were grown in their preferred treatment media (FPFB for C. bombi, MRSC for 186 L. bombicola) until the experiment began. At the start of experiment, cells were diluted by OD to 2x final 187 concentrations in their respective preferred media, prior to combination in equal volumes to create the 188 mixed medium. Each experiment included 18 treatments: the three incubation temperatures crossed 189 with two C. bombi start densities (initial OD = 0.010 and cell free control) and three L. bombicola start 190 densities (initial OD = 0.010, 0.020, and cell free control). twitching, or immotile (motility scores of 2, 1, and 0, respectively). Monocultured cells were generally 210 the most rapidly moving, and after initial motility screening were diluted in 50% sucrose. The viscosity of 211 this solution slowed the cells to the point where they were countable. 212
Effects of temperature and L. bombicola start density on C. bombi growth rate were analyzed by 213 a general linear mixed model [55] with experiment round as a random effect. F-tests were used to 214 evaluate the significance of model terms [56] , and pairwise comparisons were made with R package 215 "lsmeans" [57]. Effects of temperature and L. bombicola start density on C. bombi cell motility were 216 analyzed by a bias-reduced binomial model [58] , to cope with complete separation (i.e., no within-group 217 variation in motility). Cell motility was considered as a binary response variable (motility > 0). Likelihood 218 ratio tests were used to evaluate significance of model terms. The relationship between C. bombi 219 growth rate and L. bombicola OD after 24 h was tested by linear regression. 220
Spent medium experiment 221
We used L. bombicola spent medium (i.e., cell-free supernatant of medium in which L. 222 bombicola was grown, then removed by filter sterilization) to test whether temperature-dependent 223 inhibition observed in coculture experiments could be explained by temperature-dependent production 224 of inhibitory chemicals by the symbiont. In the first stage of the experiment, L. bombicola spent medium 225 was generated at different temperatures. In the second stage, growth of C. bombi (strain VT1) was 226 measured in the presence of 50% spent medium at the same temperature at which the spent medium 227 was generated (e.g., spent medium from 32 °C was tested for effects on C. bombi incubated at 32 °C; see 228 schematic, Supplementary Figure 1) . These experiments used the same three growth temperatures 229 tested in the Coculture Experiment (27, 32, and 37 °C) crossed with three L. bombicola start densities (OD of 0, 0.001, or 0.010), for a total of 9 treatments. Each temperature treatment was replicated in two 231 different incubators in each repetition of the experiment. The entire experiment was repeated three 232 times, for a total of six incubator-level replicates. 233
Spent medium was generated in 14 mL screw-cap conical tubes filled with 8 mL MRSC medium. 234
Each tube was seeded at the appropriate starting density (OD of 0, 0.001, or 0.010) and incubated for 20 235 h at the appropriate temperature (27, 32, or 37 °C). At the end of the incubation period, a 200 µL aliquot 236 of the resulting spent medium was removed for measurement of OD. The remainder was sterile-filtered 237 to yield the MRSC-based spent medium. A 2 mL aliquot of the spent medium was reserved for 238 measurement of pH; the remainder was used immediately for assays of C. bombi growth. 239
Growth of C. bombi was measured in 96-well tissue culture plates in 50% MRSC-based spent 240 medium and 50% Crithidia-specific FPFB medium. Crithidia bombi cell cultures were diluted to an optical 241 density of 0.020 in Crithidia-specific FPFB medium [33]. The C. bombi cell suspension (100 µL) was added 242 to an equal volume of spent medium for an initial net OD of 0.010, with 12 replicate wells per plate. 243
Plates were incubated at the same temperature used for generation of the spent medium. Effects of temperature and L. bombicola start density on C. bombi growth rate were analyzed by 253 a general linear mixed model with experiment round as a random effect [55] . F-tests were used to 254 evaluate the significance of model terms [56] . Relationships between spent medium OD before filtration 255 and temperature, spent medium pH and temperature, C. bombi growth rate and spent medium OD 256 before filtration, and C. bombi growth rate and spent medium pH were tested by linear regression. 257
RESULTS
258
Thermal performance curves showed higher temperatures of peak growth and upper limits of 259 thermotolerance in L. bombicola than in C. bombi (Fig 1) . All C. bombi strains showed similar model-260 predicted peak growth temperatures (Tpk), ranging from 33.9 °C in strain S08.1 to 34.4 °C in strain IL13.2. 261
These estimates were at least 5 °C lower than the estimated Tpk for L. bombicola (39.83 °C, Fig. 1 ). For all 262 strains of C. bombi, the temperature that inhibited growth by 50% (Th) was below 38 °C, or at least 5 °C 263 lower than the Th for L. bombicola (Fig. 1) . Full model parameters are given in Supplementary Table S1 . 264
Coculture with L. bombicola inhibited C. bombi growth and motility, and reduced 265 temperature of peak C. bombi growth (Fig. 2) . Growth rate of C. bombi was reduced by over 50% in 266 coculture (temperature-adjusted marginal mean 0.66 ± 0.005 in monoculture vs. 0.32 ± 0.005 in 267 coculture, Fig. 2A ). We found stronger inhibitory effects of L. bombicola at higher temperatures 268
(temperature x L. bombicola start density interaction, F4, 43 Lactobacillus bombicola spent medium reduced C. bombi growth rate and peak growth 283 temperature (Fig. 3) . As in the Coculture Experiment, we found temperature-dependent inhibition of C. vulnerable to the effects of C. bombi [38] . In contrast, growth rate of L. bombicola continued to increase 314 throughout this interval, rising nearly three-fold from 0.265 h -1 at 27 °C to 0.734 h -1 at 37 °C. As a result, 315 any effects of L. bombicola on C. bombi should become more pronounced at higher temperatures. 316
Within the gut, interactions between species may be positive, negative, or neutral. For example, 317 the bee gut symbionts Snodgrassella and Gilliamella facilitate one another's growth physically, via formation of multi-species biofilms [63] , and chemically, via cross-feeding and modification of gut 319 oxygen concentration and pH [44, 64] . The effects of L. bombicola on C. bombi were strongly inhibitory. 320
We have shown this inhibition to be chemically mediated by L. bombicola's production of acids [65] . 321
Because L. bombicola rates of growth and acid production increased over the temperature range found 322 in bees, we predict that increases in bee body temperature would reduce infection by increasing growth 323 rate of L. bombicola and related Firm-5 bacteria, thereby decreasing gut pH to the point where parasites 324 cannot grow. Thus, although parasites in monoculture are capable of growth throughout the range of 325 temperatures found in bees, our results predict that competitive exclusion by symbionts could limit the 326 parasite's thermal niche to cooler temperatures. 327
In contrast to the inhibitory effects of L. bombicola on C. bombi, C. bombi appeared to facilitate 328 growth of L. bombicola. Given that L. bombicola did not grow at all in full-strength FPFB medium, this 329 facilitation could reflect C. bombi's catabolism of L. bombicola-inhibitory components, such as serum, in 330 the mixed MRSC/FPFB growth medium. Still, our findings indicate highly asymmetric competition 331 between these two species, to the advantage of the symbiont. 332
The equilibrium outcome of competitive interactions depends on both interaction strengths and 333 initial densities [66] . In the case of L. bombicola and C. bombi, initial symbiont densities had the 334 strongest effects at intermediate temperatures typical of a bumble bee hive (27-33 °C). At these 335 moderate temperatures, lower symbiont and higher parasite growth rates might allow parasites to 336 establish if initial symbiont densities are low. In contrast, at higher temperatures typical of those found 337 in queens (>37 °C), high symbiont growth rates and direct high-temperature inhibition of parasites 338 quickly made up for low initial symbiont density. In the social Bombus and Apis bees, core symbionts 339 such as Lactobacillus Firm-5 are rapidly acquired by newly emerged bees from nestmates and hive 340 materials [27, 67] . This socially mediated inoculation with core symbionts can establish a protective barrier against infection in colonies with microbiota that contain acid-producing Gilliamella and 342
Lactobacillus Firm-5 [26,28]. However, symbiont-based defenses might be weakened by treatment with 343 antibiotics, which reduced populations of core gut symbionts and resistance to C. bombi [68] . based defenses might also be relatively weak in solitary bees, which can be infected by the same 345 trypanosomatids that infect honey and bumble bees [34] . These bees lack a thermoregulated nest 346 environment and a socially transmitted core gut microbiota, instead acquiring acidophilic gut symbionts 347 from their environment [69] . As a result, solitary bees might be vulnerable to trypanosomatid infection 348 during maturation of their gut microbiota, especially at cooler temperatures. However, no study has 349 experimentally investigated trypanosomatid infections in solitary bee species, let alone the temperature 350 dependence of such infection. 351
In our in vitro host-parasite-symbiont system, we found that high temperatures favored 352 symbionts over pathogens. This suggests that infection-related increases in body temperature, such as 353 fever, may allow hosts to clear pathogens while sparing beneficial symbionts. However, maintenance of 354 elevated temperature comes at an energetic cost in both endothermic mammals and insects such as 355 bumble bees [17, 54] . In bees and other endothermic hosts, the ability to maintain parasite-inhibiting 356 temperature will depend on sufficient caloric resources. Further study of temperature-dependent 357 changes to microbiota and infection in live bees, and the effects of infection on endogenous 358 thermoregulation and temperature preference, will be necessary to determine how our in vitro findings 359 scale up to the organismal scale. 360
Studies of other host-symbiont-parasite systems are needed to determine whether high 361 temperatures achieved during febrile states can be detrimental to symbiont populations [14] , whether 362 directly or via upregulation of host immunity [8, 70] , and the consequences of these effects for infection 363 and host health. For example, short-term heat exposure altered soil microbial communities, and caused loss of the soil's activity against plant diseased [71] . Numerous examples demonstrate that depletion of 365 symbionts increases susceptibility to infection in animals as well [68, [72] [73] [74] . Amidst growing 366 appreciation for the roles of temperature, fever, and the microbiome in infectious disease, 367 understanding the effects of temperature on microbiota-parasite interactions may help to predict 368 infection outcome in animals that exhibit fever, and in ectotherms that face infection in changing 
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